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Introduction
Oxidative stress is an important component of pathophysiology of countless human diseases, but it is especially important in the pathomechanism of neurodegenerative disorders, such as Alzheimer's (AD) and Parkinson's (PD) disease, multiple sclerosis (MS), amyotrophic lateral sclerosis (ALS) and other age-related diseases [15] . Neuronal cells need large amounts of ATP for maintaining a high rate of metabolic activity, and they pay a high price for their extraordinary energy demand -they are highly vulnerable to oxidative stress [19] . Neurons are, comparing with other cell types, mostly dependent on oxidative phosphorylation as an energy source, therefore they are exposed to high oxygen concentration. Moreover, neuronal cells are rich in polyunsaturated fatty acids (PUFA) that are prone to oxidation [2] . In addition, brain contains relatively poor mechanisms of antioxidant defense, for example low levels of catalase and glutathione peroxidase [32] . Neurons are enriched in metal ions, which accumulate in the brain during aging and may catalyze reactive oxygen species (ROS) formation [31] . Therefore, it is suggested that oxidative stress that increases during brain aging is an important factor making the aged brain especially susceptible to neurodegenerative processes [8] . Excessive generation of ROS is responsible for macromolecules modification, including lipid peroxidation, as well as protein and DNA oxidation which in consequence could lead to activation of apoptotic signaling and cell death [29] . Furthermore, oxidative stress is a deleterious process that can affect cellular Ca 2+ homeostasis, composition of cellular membranes and mitochondria function. Moreover, oxidative stress is a factor stimulating protein misfolding in neurodegenerative diseases, it can trigger and/or accelerate aggregation of amyloid b peptides (Ab) and a-synuclein (ASN) [38] that are critical in the pathogenesis of AD and PD, respectively. Accumulating data suggest that antioxidant supplementation may be effective in the prevention and treatment of neurodegenerative diseases [28, 30] and several natural compounds with antioxidant properties are being investigated for treatment of AD and PD. Some natural products including quercetin [4] , curcumin [10] , caffeic acid [12] and resveratrol [14] have been shown to be neuroprotective against oxidative injury. In addition, the antioxidant activities of various alkaloids, like berberine and huperzine A, have been investigated [33, 40] and it has been shown that early, regular usage of phytochemicals and their derivatives can delay the onset and progression of AD [16] . Huperzia selago (L.) Bernh. ex Schrank et Mart., a source of huperzine A (HupA) and other alkaloids commonly known as fir club moss (family Huperziaceae), is a plant of great interest that is used in combating a wide variety of diseases in European and Asian countries [5, 22, 36] . Plants of the Diphasiastrum complanatum (L.) Holub (Lycopodiaceae sensu stricto) do not contain HupA but they are rich in alkaloids, mostly lycopodine and its derivatives [7] . Our previous in vitro studies have shown that some alkaloids of H. selago exhibit potent antioxidative properties, scavenge free radicals and prevent lipid and protein oxidation [7] . However, the cytoprotective activity of these extracts against ROS-induced cell damage has never been studied. Therefore, in this study, we analyzed whether alkaloid fractions (AFs) isolated from H. selago and D. complanatum may protect cells against ROS-evoked death and what mechanism may be responsible for protective effects of AFs. Sodium nitroprusside (SNP) was used to induce oxidative stress in rat pheochromocytoma PC12 cells. This cell line exhibits unique sensitivity to oxidants and is widely used as a cellular model to study the mechanisms of oxidative stress and apoptosis, as well as a model for studying antioxidative and cytoprotective properties of various antioxidants [24, 39, 41] . For example, studies on PC12 cells have shown that amyloidogenic proteins, Ab and ASN induce cytotoxicity and also elicit excessive free radical production [1, 11, 18] , mitochondrial dysfunction [11] , apoptosis and cell death [20] . Here, we demonstrate that AFs prevent or at least markedly attenuate SNP-induced oxidative stress and protect PC12 cells from ROS-induced injury.
Material and methods Chemicals
LDH-cytotoxicity Assay Kit II was purchased from BioVision (Mountain View, CA, USA), APO-DIRECT kit from BD Biosciences (San Jose, CA, USA), Dulbecco's Modified Eagle's Medium (DMEM), Fetal Bovine Serum (FBS), Horse Serum (HS), penicillin, streptomycin, glutamine, deoxyribonuclease I, 3-(4,5-dimehyl-2-tiazolilo)-2,5-diphenyl-2H-tetrazolium bromide (MTT), Hoechst 33342, DTT, polyethylenoimine (PEI), Pluronic, dimethyl sulfoxide (DMSO), TRI-reagent, DNAse I and all other common reagents were from 
Preparation and extracts purification
Alkaloid fractions were obtained by a conventional procedure from MeOH extract and examined using TLC and HPLC-DAD as previously reported by Czapski et al. [7] .
Preparation of standard and sample solution of alkaloids Standard solutions of HupA, lycopodine and annotinine as well as isolated AFs were dissolved in DMSO at a concentration 25 mg/ml which roughly corresponds to molar concentration of approximately 100 mM for this group of alkaloids. Then dilutions were prepared in the same DMSO concentration, and AFs were used in final concentrations of 0.25 µg/ ml (approximately 1 µM), 2.5 µg/ml (approximately 10 µM) and 6.25 µg/ml (approximately 25 µM).
Cell culture
Rat pheochromocytoma PC12 cells were a kind gift from Professor A. Eckert (University of Basel, Basel, Switzerland). The cells were cultured in DMEM supplemented with 10% heat-inactivated fetal bovine serum, 5% heat-inactivated horse serum, 2 mM L-glutamine, 50 U/ml penicillin, 50 mg/ml streptomycin in 5% CO 2 atmosphere at 37°C.
Cell treatment protocols
Equal PC12 cell numbers were seeded into culture dishes, and after 24 h growth medium was changed to low-serum medium (DMEM supplemented with 2% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 50 U/ml penicillin, 50 mg/ml streptomycin). Then, tested compounds were added to PC12 cells for 8-48 h. Freshly prepared sodium nitroprusside (SNP) at a concentration of 0.5 mM was used as an inducer of oxidative stress and apoptosis. The appropriate controls with DMSO, as a vehicle, were also prepared.
Determination of cell viability
For analysis of the effect of treatment on the mitochondrial function and cell survival MTT assay was performed. After 24-48 h incubation in the presence of tested compounds, the medium was changed to serum-free DMEM, MTT (0.25 mg/ml) was added and cells were incubated for 2 h. Then, medium was removed, cells were dissolved in DMSO and absorbance at 595 nm was measured on BioRad model 680 microplate reader.
Determination of necrotic cell death
For analysis of necrotic cell death LDH assay was performed by using commercial LDH-cytotoxicity Assay Kit II (BioVision, CA, USA). Shortly, after 24 h incubation in the presence of tested compounds, the whole medium was collected, mixed and centrifuged at 600 × g for 10 min. Samples of supernatant were mixed with reaction buffer containing WST substrate and absorbance at 450 nm (reference 655 nm) was measured every 5 min for 30 min on Bio-Rad model 680 microplate reader. Data from the linear increase phase were used for calculations.
Determination of nitric oxide level by DAF-2 staining
Measurement of the nitric oxide level was carried out using fluorescent indicator DAF-2 DA (Cayman Chemical Company). PC12 cells were loaded with 10 µM DAF-2 in the presence of pluronic (0.02%), washed, and incubated in pluronic-supplemented HBSS without (control) or with SNP (0.5 mM). DAF-2 fluorescence was measured after 8 h.
Analysis of gene expression by quantitative real time polymerase chain reaction (qRTPCR)
Cultured cells were washed two times with icecold phosphate-buffered saline (PBS), scraped down and collected by centrifugation (3 min, 1000 × g). RNA was isolated with TRI-reagent and DNA remainings were digested with DNase I according to the manufacturer's protocols (Sigma-Aldrich). Quantity and purity of RNA was measured spectroscopically at 260 and 280 nm wave lengths. Reverse transcription was performed using High Capacity cDNA Reverse Transcription Kit according to the manufacturer's protocol (Applied Biosystems, Foster City, CA, USA). The level of mRNA for Polg was analyzed using SYBR Green JumpStart Taq ReadyMix, using the primer pair: forward 5'-CGGCTGACCTAATCCCTTTG-3', reverse 5'-CACTAACTGTTCCTGCCAATCCT-3'. The levels of mRNA for Ifng, Il6, Ptgs2, Alox12 and Actb, as a reference gene, were analyzed using TaqMan Gene Expression Assays (Rn00594078_m1, Rn01410330_m1, Rn01483828_m1, Rn01461082 and 4352340E, respectively) and TaqMan Gene Expression Master Mix (Applied Biosystems). Plates were analyzed on ABI PRISM 7500 apparatus (Applied Biosystems, Foster City, CA, USA). The relative levels of mRNA were calculated using the ΔΔCt method. Specificity of PCR reaction was verified by analyzing melting profiles -each profile contained only a single peak representing the specific product.
Determination of DNA damage by TUNEL staining
The presence of DNA damage in cells was determined by TdT-mediated dUTP-FITC nick end labelling (TUNEL) followed by flow cytometric detection. Shortly, after incubation in the presence of tested compounds for 12 h, cells were fixed and stained by using APO-DIRECT Kit according to the manufacturer's protocol (BD Biosciences, San Jose, CA, USA). This method allows staining of damaged DNA by FITC, and total DNA with propidium iodide (PI). Samples were analysed on flow cytometer FACS Canto II.
Determination of apoptosis by Hoechst 33342 staining
The apoptotic body formation was determined by microscopic analysis of the cells stained with Hoechst 33342. Shortly, after 12 h incubation in the presence of tested compounds, the cells were fixed, stained and examined under a fluorescence microscope (Olympus BX51, Japan). Images were taken with a digital camera (Olympus DP70, Japan). A minimum of 200 cells/experimental group were counted in each experiment. Cells with typical apoptotic nuclear morphology (nuclear shrinkage, condensation) were identified as apoptotic and counted using randomly selected 30 fields for each experimental group. The results were expressed as % of apoptotic cells according to the equation: % of apoptotic cells = (apoptotic cells)/(all cells) × 100.
Statistical analysis
Data are expressed as mean values ± S.E.M. Normality of distribution of individual variables was checked with Anderson-Darling normality test. Two group comparisons were done using Student's t-test. Multiple comparisons were analyzed by oneway analysis of variance ANOVA with Tukey posthoc test. Expression data for IFN-γ and IL-6 are not normally distributed. Therefore, Kruskal-Wallis nonparametric test with Dunn's multiple comparisons post-hoc test was used to assess the statistical significance of obtained results. The statistical analyses were performed by using Graph Pad Prism version 5.0 (Graph Pad Software, San Diego, CA). Statistical significance was accepted at p < 0.05.
Results
Our previous studies have shown that selected AFs isolated from H. selago and D. complanatum scavenge free radicals and effectively protect macromolecules from oxidative damage [7] . In the current study we investigate the possible cytoprotective properties of these compounds during oxidative stress in vitro. SNP, a donor of NO and other ROS, was used to generate oxidative stress and evoke cell death in PC12 cell line.
The initial aim was to define the optimal experimental conditions. First, we checked whether analyzed AFs possess any cytotoxic properties in our experimental system. The PC12 cells were incubated in the presence of AFs at concentration range 0.25-6.25 µg/ml (approximately 1-25 µM) for 24 h and 48 h. It was found that after 24 h of incubation the AFs did not affect the viability of PC12 cells. Exclusively two fractions, AF2 and AF6 at a concentration ≥ 2.5 µg/ml, exerted a cytotoxic effect when the time of incubation was increased to 48 h (Fig. 1A) . To determine the optimal concentration of SNP to induce oxidative stress and cell death during 24 h treatment, cells were incubated in the presence of SNP in a concentration range of 25-1000 µM. The results showed that SNP reduced PC12 cell viability. Exposure to 500 µM SNP for 24 h decreased the viability of PC12 cells to 50% compared with the control group (Fig. 1B) .
Therefore, further studies were carried out in the presence of AFs at 2.5 µg/ml (approximately Fig. 1 . The time-dependent effect of AFs or SNP on PC12 cell viability. PC12 cells were cultured in low-serum medium in the presence of AFs (0.25-6.25 µg/ml) for 24 or 48 hours (A) or SNP (25-1000 µM) for 24 hours (B). Then, cell viability was determined by MTT assay. Results are the mean ± SEM from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, compared to control cells using Student t-test. 10 µM) concentration in oxidative stress evoked by incubation with 500 µM SNP up to 24 h. The MTT assay revealed that several AFs demonstrated the tendency to protect cells against SNP-evoked damage, whereas, a statistically significant effect was observed exclusively in the presence of two extract fractions, AF4 and AF5 ( Fig. 2A) . However, none of the compounds tested had any effect on SNPinduced release of lactate dehydrogenase (LDH) (Fig. 2B) . Based on this observation in further experiments we focused on AF4 and AF5.
To analyze the mechanism of cytoprotection evoked by AF4 and AF5 during SNP-induced stress, cells were incubated with SNP in the presence of AF4 and AF5 for 8 h. The exposure of PC12 cells to SNP produced a marked increase in the NO level, as ana- Data represent the mean value ± S.E.M. for 3 independent experiments. **p < 0.01, compared to the control cells; ## p < 0.01, compared to the SNP-treated cells using a one-way ANOVA followed by the Tukey post-hoc test.
Anna Magdalena Lenkiewicz, Grzegorz Arkadiusz Czapski, Henryk Jęsko, Anna Wilkaniec, Wojciech Szypuła, Agnieszka Pietrosiuk, Aneta Marta Uszyńska, Agata Adamczyk lysed by fluorogenic probe DAF-2. The co-treatment with AF4 or AF5 led to a significant decrease in the NO level, by about 20% and 15%, respectively, when compared with the SNP-treated cells (Fig. 3) . These data suggest that the possible mechanism of AF4 and/or AF5 action may be related to their NO-scavenging properties. Excessive amounts of NO and its metabolites are capable of altering gene expression as well as can impact the mitochondria function that is relevant to cell death. Here, we show that incubation of PC12 cells with SNP for 24 h evoked significant up-regulation of the expression of the gene for DNA polymerase γ (Polg) that is responsible for replication of mitochondrial DNA and its repair processes (Fig. 4) . In the presence of AF5, SNP did not increase the expression of Polg. Moreover, as shown in Figure 5 , the expression of inflammation-related genes for IFN-γ (Ifng), IL-6 (Il6), COX-2 (Ptgs2) and 12/15-LOX (Alox12) was increased in SNP-treated cells after 24 h incubation, comparing with the control group. AF5 completely protected cells against SNP-evoked induction of Ifng expression (Fig. 5A) , significantly down-regulated the expression of Ptgs2 and Alox12 (Fig. 5C and D) and tends to decrease the mRNA level of Il6 (Fig. 5B) . AF4 had no effect on the SNP-evoked induction of inflammation-related genes (data not shown). 
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Furthermore, we analyzed the effect of AF5 on SNP-evoked loss of DNA integrity by using TUNEL method (TdT-mediated dUTP-FITC nick end labelling). SNP evoked an increase in the number of TUNEL-positive cells, indicating that the level of DNA fragmentation was elevated and AF5 reduced the percentage of cells classified as TUNEL-positive ( Fig. 6A and B) . The percentage of DNA fragmentation in PC12 cells exhibits a direct correlation with the percentage of apoptotic nuclei measured with Hoechst 33342 staining. SNP evoked typical hallmarks of apoptosis including chromatin aggregation and nuclear fragmentation, whereas AF5 effectively reduced SNPevoked apoptotic processes (Fig. 7A and B) .
Discussion
Oxidative stress is recognized as an important component of the pathomechanism of several neurodegenerative disorders [15] . Therefore, in the last few years many studies focused on the search for new effective antioxidants with neuroprotective properties. Many plant extracts or even single compounds exert their protective effect via removal of free radicals or by the prevention of ROS generation. However, it appears that very often natural antioxidants, even if they show a beneficial protective effect in cell culture, have no or just limited effect in clinical trials [13] . Therefore, there is still an urgent need for new natural effective pharmaceuticals with antioxidant and cytoprotective properties. Our previous results indicated that alkaloid extracts from H. selago possess potent antioxidative properties, scavenge free radicals and prevent lipid and protein oxidation [13] . In the present work, the cytoprotective effects of alkaloid extracts from H. selago and D. complanatum on PC12 cells were tested. We found that the selected AFs, which were shown to have antioxidative properties, also exert a cytoprotective effect against SNP-induced oxidative stress.
Exposure to SNP in vitro partially mimics the oxidative stress observed in the brains of patients with neurodegenerative disorders [25, 27] . Excessive NO production plays a critical role in the pathomechanism of neurodegenerative and other neurological disorders. It has been shown that in degenerative conditions characterized by oxidative stress, increased levels of NO lead to aberrant S-nitrosylation of proteins that contributes to the pathology of the disease [25] . Excessive liberation of NO and enhanced S-nitrosylation affects the mitochondrial function, proteostasis, transcriptional regulation, synaptic activity, and cell survival [26] . In the present work, the level of intracellular NO in PC12 cells was remarkably increased by SNP. However, cotreatment with AF4 or AF5 led to a reduction in the NO level. In the previous work we identified components of fractions AF4 and AF5. AF4 contains 6-b-hydro xyhuperzine, Huperzine A, Huperzine B, Lycoposer ramine-L or Lycoposerramine-M, Lycopodine, Lycoposerramine-G, probable 8b-Hydroxylycoposerramine K and Lyconadin [13] . The identified components of AF5 were Lycopodine, Serratidine, Lycoposerramine-G and probably Cermizine B [7] . Therefore, these alkaloids might be responsible for antioxidative and cytoprotective properties of analyzed fractions. An elevated NO level induces mitochondrial failure including alterations in calcium homeostasis, mitochondrial energy, ROS generation and promotes mitochondrial DNA damage [3] .
Because polymerase γ is the only DNA polymerase present in mitochondria, it is necessarily implicated in all DNA repair processes, therefore activation of this enzyme is considered as an indicator of mitochondrial DNA damage. In the present study we suggest that SNP evokes mitochondrial DNA damage leading to polymerase γ activation for DNA repair. Activation of this enzyme was not observed in the presence of AF5 fraction, indicating that components of AF5 effectively protected PC12 cells against SNP-induced mitochondrial injury. Till now, cytoprotective potential of these specific compounds has not been tested. Oxidative stress affects many cellular signaling pathways, including alterations of gene expression, for example activation of transcription of inflammation-related IFN-γ, IL-6, IL-1b, and TNF-a [23] . Our work showed that AF5 attenuated transcription of inflammation-related genes activated by oxidative stress. AF5 completely prevented the SNP-evoked induction of Ifng and tends to down-regulate the expression of Il6 in PC12 cells. Down-regulation of pro-oxidative/pro-inflammatory genes could be an important mechanism of cytoprotection, because the inflammatory processes are involved in the pathomechanism of a wide range of neurodegenerative diseases, including AD and PD [9] . Especially intriguing is the effect of AF5 on expression of genes Ptgs2 and Alox12, which contribute to synthesis of arachidonic acid (AA)-derived lipid mediators. Arachidonic acid is a free fatty acid that is released from the cell membrane in response to various stimuli [21] . There are two most important families of enzymes involved in the oxidative metabolism of AA, lipoxygenases (LOXs), which produce leukotrienes and the cyclooxygenases (COXs) COX-1 and COX-2, which produce prostaglandins. Recent work has highlighted the potential role of 12/15-LOX as well as COX-2 in the pathogenesis of neurodegenerative disorders [6] . Modulation of the expression and activity of LOX and COX might offer an effective disease-modifying strategy for therapy of neurodegenerative disorders. In the current study, we found that cell treatment with AF5 prevented SNP-induced upregulation of Alox12 as well as Ptgs2 expression. These data are in agreement with those obtained by Wang et al., who showed that Huperzine A, an alkaloid compound found primarily in other firmoss, H. serrata, suppressed overexpression of inflammatory genes and improved learning and memory in rats [37] . Moreover, a lot of other alkaloids demonstrated significant anti-inflammatory properties [35] . The fragmentation of DNA is one of the most characteristic phenomena of apoptosis [34] . TUNEL assay, which was initially developed to detect apoptosis-related DNA degradation, labels DNA strand breaks, including the 3'OH termini of single strand breaks and all forms of double strand breaks. Therefore, it may indicate also other types of DNA degradation, for example evoked by oxidative damage. Here, using TUNEL method we showed that SNP induced DNA fragmentation and AF5 reduced the percentage of cells with damaged DNA. To specifically detect apoptotic fragmentation of DNA we used Hoechst 33342 staining, which allows identifying late apoptotic cells by morphological characterization of typical changes in nuclear chromatine aggregation and fragmentation. Our data indicated that SNP significantly increased the number of apoptotic cells, and AF5 efficiently reduced the number of cells with apoptotic morphology.
In conclusion, our data demonstrated that only selected alkaloid fractions of H. selago contain some compounds having potent cytoprotective properties. They might be particularly promising compounds for discovering and developing novel clinical drugs in the treatment of neurodegenerative disorders.
